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Nodal-related signals establish mesendodermal fate and trunk
neural identity in zebrafish
Benjamin Feldman*†, Scott T. Dougan‡, Alexander F. Schier* 
and William S. Talbot*‡
The vertebrate body plan arises during gastrulation,
when morphogenetic movements form the ectoderm,
mesoderm, and endoderm. In zebrafish, mesoderm and
endoderm derive from the marginal region of the late
blastula, and cells located nearer the animal pole form
the ectoderm [1]. Analysis in mouse, Xenopus, and
zebrafish has demonstrated that Nodal-related proteins,
a subclass of the TGF-b superfamily, are essential for
mesendoderm development [2], but previous mutational
studies have not established whether Nodal-related
signals control fate specification, morphogenetic
movements, or survival of mesendodermal precursors.
Here, we report that Nodal-related signals are required
to allocate marginal cells to mesendodermal fates in the
zebrafish embryo. In double mutants for the zebrafish
nodal-related genes squint (sqt) and cyclops (cyc) [3–5],
dorsal marginal cells adopt neural fates, whereas in
wild-type embryos, cells at this position form endoderm
and axial mesoderm. Involution movements
characteristic of developing mesendoderm are also
blocked in the absence of Nodal signaling. Because it
has been proposed [6] that inhibition of Nodal-related
signals promotes the development of anterior neural
fates, we also examined anteroposterior organization
of the neural tube in sqt;cyc mutants. Anterior trunk
spinal cord is absent in sqt;cyc mutants, despite the
presence of more anterior and posterior neural fates.
These results demonstrate that nodal-related genes are
required for the allocation of dorsal marginal cells to
mesendodermal fates and for anteroposterior
patterning of the neural tube. 
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Results and discussion
Inspection of sqt;cyc mutants has shown that gastrulation
movements are abnormal in these embryos [3]. To learn
whether sqt and cyc are required for involution of mesendo-
dermal progenitors, we labeled marginal cells of sqt;cyc
embryos at the late blastula stage and examined the loca-
tions of labeled cells during gastrulation. Groups of
5–20 cells at the margin of embryos at the 40% epiboly stage
(5 hours post-fertilization, hpf) were labeled by laser-acti-
vated cleavage of caged fluorescein–dextran [7–9]
(Figure 1a,b). At this stage, sqt;cyc mutants are morphologi-
cally indistinguishable from their wild-type siblings, so only
one-sixteenth of the embryos analyzed were double
mutants. The positions of labeled cells were examined at
midgastrulation (70% epiboly, 7.5 hpf), a stage when sqt;cyc
Figure 1
Failure of involution in sqt;cyc mutants. (a–d) Analysis of a single wild-
type embryo and (e–h) a single sqt;cyc mutant embryo, both labeled
using caged fluorescein–dextran (green in a,b,e,f and blue in c,d,g,h).
(a,e) Marginal view of labeled cells at 40% epiboly. (b) Animal view and
(f) vegetal view of embryos at 70% epiboly. Arrows mark the dorsal
midline. (c,g) Immunodetection of labeled cells; dorsal view at 70%
epiboly. (d,h) Sections, dorsal is to the right. Arrowheads mark the
margin. (a,b,e,f) Colorized fluorescence/DIC overlays. In addition to the
embryo shown in (e–h), we did not see evidence of involution in 13
other sqt;cyc mutants monitored as living embryos at 70% epiboly.
Some tail mesoderm forms in sqt;cyc mutants [3], and our results
suggest that this occurs in the absence of involution in the early
gastrula. In wild-type embryos, some tail mesoderm does not undergo
involution [21], and it is possible that the distinct morphogenetic
movements employed by developing tail mesoderm are not disrupted
in sqt;cyc mutants. 
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mutants are distinguishable from their wild-type siblings, by
monitoring fluorescence in living embryos (data not shown)
or with anti-fluorescein antibodies in fixed preparations
(Figure 1c,d,g,h). In wild-type embryos, labeled marginal
cells involute and move toward the animal pole, contribut-
ing to the hypoblast layer [10] (Figure 1c,d). In each of 14
sqt;cyc embryos examined at 70% epiboly, labeled marginal
cells remained clustered near the margin and there was no
apparent hypoblast layer (Figure 1g,h). These results indi-
cate that marginal cells do not involute in sqt;cyc mutants. 
To examine the role of Nodal-related signals in the alloca-
tion of mesendodermal fates, we traced the fates of mar-
ginal cells in sqt;cyc mutant embryos and their siblings.
Groups of marginal cells were labeled by cleavage of caged
fluorescein-dextran at the late blastula stage. We examined
embryos at 70% epiboly to determine the position of
labeled cells along the dorsoventral axis (Figure 1b,f). For
fate assessment, labeled cells were visualized by immuno-
histochemistry at 24–30 hpf (Figure 2c–j). 
Marginal cells from 26 phenotypically normal sibling control
embryos contributed to 11 distinct fates (Figure 3a–k).
By comparing these outcomes with positions of labeled
clones, we obtained fate maps relating the dorsoventral
position of marginal cells at 70% epiboly (7.5 hpf) to their
fates at 24–30 hpf (Figure 2a,c–f and 3a–k). Previous fate
mapping studies [1,7,11] typically assigned dorsoventral
positions at the shield stage (6 hpf), when the formation of
the embryonic shield marks the dorsal side of wild-type
embryos. The shield does not form in sqt;cyc mutants [3],
so we assigned dorsoventral position at 70% epiboly, when
convergence movements reveal the dorsal side of sqt;cyc
embryos. Our control fate maps show dorsal structures
deriving from a smaller region of the embryo’s circumfer-
ence than previous wild-type fate maps, presumably due
to dorsally directed convergence movements occurring
between shield stage and 70% epiboly [10,11]. Despite
the dorsal compression, we observed an order of progeni-
tors along the dorsoventral axis of the margin that is
similar to previous studies: hatching gland (Figures 2f
and 3a) and head mesenchyme (Figure 3b) arise exclusively
from dorsal marginal cells, while more lateral and ventral
marginal cells contribute to trunk muscle (Figures 2d
and 3c), pronephros (Figure 3d), heart (Figures 2e and 3e),
and blood (Figure 3f). 
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Figure 2
Sample fate mapping experiments. (a,b) Schematics summarizing fate
mapping experiments contributing to control and sqt;cyc mutant data
sets, respectively. Each arc represents a labeled cell group from a
different embryo; red arcs are illustrated in the indicated panels below.
The position of each arc along the 180° semicircle shows the
dorsoventral position of labeled cells at 70% epiboly. Dorsal is to the
right, and 0° represents the dorsal midline. (c–j) Selected
(c–f) phenotypically normal control embryos and (g–j) sqt;cyc embryos
illustrating representative fates; labeled cells are indicated by
arrowheads. (c) Fin mesenchyme; (d) trunk muscle; (e) heart;
(f) hatching gland; (g) tail mesoderm (dashed line indicates extent of
tail); (h) hindbrain and tail spinal cord; (i) midbrain, hindbrain, and tail
spinal cord; (j) midbrain.
Figure 3
Control and sqt;cyc fate maps, as in Figure 2a,b. (a–k) A schematic of
the phenotypically normal sibling data set for each of the 11 fates
observed. (l–o) A schematic of the sqt;cyc mutant data set for each of
the four fates assessed. In each map, the positions of all cells
contributing to the indicated fate are in red. In (b), head mesenchyme
includes cranial vasculature. In (e), heart includes pericardium. In one of
the 27 control embryos shown in (a–k), labeled cells were detected at
40% and 70% epiboly but not at later stages when fates were assessed. 
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Consistent with earlier studies on wild-type embryos
[1,7,9,11], marginal cells did not adopt neural fates in
control embryos. By contrast, dorsal marginal clones con-
tributed to the central nervous system in sqt;cyc mutants
(Figures 2b,h–j and 3l–o). Analysis of labeled clones
indicated that dorsal marginal cells in sqt;cyc mutants can
contribute to midbrain, hindbrain and tail spinal cord,
but not forebrain (Figure 3l–n and see Supplementary
material). Ventral marginal cells form tail mesoderm in
sqt;cyc mutants, and the fate map domains for tail meso-
derm and tail spinal cord overlap in the lateral margin
(Figure 3n,o). These results show that dorsal and some
lateral marginal blastomeres in sqt;cyc mutants adopt
fates inappropriate for their positions, forming neuroec-
toderm, which does not arise from the margin in wild-
type embryos. 
To examine a possible role for Nodal-related signals in
promoting the survival of mesendodermal precursors,
we used terminal-deoxynucleotidyl-transferase-medi-
ated dUTP nick end-labelling (TUNEL) to examine
cell death in sqt;cyc mutants (see Supplementary mater-
ial). No increase in cell death was evident at the end of
gastrulation (10 hpf) or at the 5-somite stage (11.7 hpf),
indicating that death of mesendodermal precursors
during gastrulation was not the principal cause of the
loss of mesendoderm in sqt;cyc mutants. In contrast, there
was an increase of TUNEL staining in the developing
tail commencing at later stages. 
Our analysis of marginal cells in sqt;cyc mutants indicates
that Nodal-related signals are required for fate allocation
and morphogenetic movements of mesendodermal progen-
itors. Patterns of gene expression are altered in dorsal mar-
ginal cells before the onset of involution [3], suggesting
that disruption of gene expression and morphogenesis are
consequences of the misallocation of mesendodermal cell
fate in sqt;cyc mutants.
Previous analysis showed that the neural tube forms
despite the severe disruption of mesendodermal deriva-
tives in the absence of Nodal signaling [3,12]. To better
understand the range of neural fates present in sqt;cyc
mutants, we examined the expression of genes marking
certain anteroposterior divisions within the neuroecto-
derm. Characteristic midbrain and hindbrain patterns of
pax2.1 and pax7 expression [13,14] are evident in sqt;cyc
mutants (Figure 4a–d), and the expression domain of the
forebrain marker emx1 [15] is enlarged compared to sibling
control embryos (Figure 4e,f). 
Posterior to the hindbrain, sqt;cyc embryos have a dele-
tion of trunk spinal cord. This is apparent from the prox-
imity of valentino expression, which is characteristic of
hindbrain rhombomeres 5 and 6 [16], to the tail
(Figure 4i,j). Expression of isl1 [17] (Figure 4g,h) and
ncam (see Supplementary material) shows that neurons
are present in the tail of sqt;cyc mutants, and analysis of
hox gene expression shows that tails of sqt;cyc mutants
display a gene expression pattern characteristic of the
tail spinal cord. The spinal cord expression domains of
hoxb4, hoxb10 and hoxa10 and hoxc10 have anterior limits
at the rhombomere (r)6/r7, somite (s)7/s8, s10/s11 and
s14/s15 boundaries, respectively, in wild-type and
sibling control embryos [18] (Figure 4k,m,o,q). Thus,
anterior trunk spinal cord expresses hoxb4, hoxb10 or
hoxa10 but not hoxc10. In sqt;cyc mutants, this pattern of
hox gene expression is not apparent, indicating that ante-
rior trunk spinal cord is absent. Instead, these hox genes
are co-expressed in the tail of sqt;cyc mutants — a pattern
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Figure 4
Neural patterning in sqt;cyc embryos.
(a,b) Expression of pax2.1. Arrowheads indicate
mid-hindbrain boundary; arrow indicates the otic
vesicle. (c,d) pax7. Arrowheads indicate the
dorsal midbrain. (e,f) emx1. Arrowheads
indicate the telencephalon. (g,h) isl1.
Arrowheads indicate tail spinal cord
expression. (i,j) valentino. Arrowheads
indicate expression in rhombomeres 5 and 6.
(k,l) hoxb4, (m,n) hoxb10, (o,p) hoxa10 and
(q,r) hoxc10. Arrowheads in (k–r) indicate
anterior limits of hox gene expression.
(a,c,e,g,i,k,m,o,q) Phenotypically normal sibling
control embryos. (b,d,f,h,j,l,n,p,r) sqt;cyc
mutants. (a–h) 24–30 hpf embryos;
(i–r) 20-somite stage embryos. 
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of gene expression characteristic of tail and posterior
trunk spinal cord (Figure 4l,n,p,r). The reduction of pre-
sumptive spinal cord is apparent at early segmentation
stages (11 hpf), when isl1 expression is reduced in sqt;cyc
mutants (see Supplementary material). Together, these
results show that tail spinal cord is present in sqt;cyc
mutants and that a region of trunk spinal cord spanning
from the hindbrain to at least s14 is deleted. 
The loss of trunk spinal cord and expansion of anterior
neural territories in sqt;cyc mutants are consistent with the
previously suggested [6] functions of Nodal signals in pro-
moting trunk development and antagonizing anterior fates.
According to this proposal, Nodal signals function to
induce trunk spinal cord, perhaps through an intermediary
posteriorizing signal. Posteriorizing signals emanate from
cells at the lateral margin [19], and the loss of Nodal signal-
ing might reduce this posteriorizing influence. In addition,
the activity of the anterior neural border (ANB) signaling
center [20] that induces anterior neuroectodermal identity
might contribute to neural patterning defects in sqt;cyc
mutants. The formation and activity of the ANB do not
depend on involuted mesoderm [20], suggesting that this
signaling center is active in sqt;cyc mutant embryos. Gastru-
lation defects in the absence of Nodal signaling lead to a
shortening of the embryonic axis [3,12], which could
increase the number of neuroectodermal cells falling
within range of ANB-derived cues. Thus, a combination of
over-recruitment of cells to anterior neural fates by ANB
cells and the loss of posteriorizing cues derived from the
lateral marginal region could explain the forebrain expan-
sion and lack of trunk spinal cord in sqt;cyc embryos.  
Materials and methods
Mutant alleles
The previously characterized sqtcz35 and cycm294 mutations [3,5], both
presumed null alleles, were used for these studies. Double mutants for
sqt and cyc were obtained by crossing doubly heterozygous
sqtcz35/+;cycm294/+ adults. Sibling embryos were used as controls
throughout, with the exception of Figure 1, in which a wild-type control
is shown. Sibling control embryos that were at the 20-somite stage or
beyond were selected as phenotypically normal. This excludes cycm294
embryos and sqtcz35/cz35;cycm294/+ embryos, which have easily recog-
nizable phenotypes at these stages, but not all sqtcz35 embryos, which
have an incompletely penetrant phenotype, or sqtcz35/+ or cycm294/+
single or double heterozygotes, which have no mutant phenotype. 
Supplementary material
Supplementary material including additional phenotypic analysis of
sqt;cyc mutants and additional methodological details is available at
http://current-biology.com/supmat/supmatin.htm.
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